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The Kirsanov reaction has been used to synthesise air stable,
efficient and selective bifunctional aminophosphonium catalysts
for the alternating ring-opening copolymerisation of cyclohexene
oxide and phthalic anhydride without the need for a co-initiator.

Ring-Opening Copolymerisation (ROCOP) is a living poly-
merisation technique, which produces polyesters by selectively
incorporating epoxides and cyclic anhydrides in an alternating
fashion.” Control over the rate and alternating selectivity is
determined by the catalyst, with the first example reported by
Fischer in 1960.° Since then, numerous highly active catalysts
have been developed, including metal complexes based on
porphyrin (Al(m), Cr(m), Co(ur), Mn(m1)),*® salen (Al(m), Cr(m),
Co(u1), Mn(m)),” *° B-diiminate (Zn(u))'* and dinucleating Schiff
base (e.g., Al(u)/K(1))**** ligands."* More recently, organocata-
lysts have emerged as effective catalysts for ROCOP."” The first
metal free catalysis for ROCOP was reported by Gnanou, Feng
and coworkers; Et;B, in combination with an onium halide or
onium alkoxide initiator, was shown to selectively catalyse the
ROCOP of propylene oxide (and later other epoxides) and
CO,."*" This has inspired other organocatalytic systems based
on the combination of a Lewis acid (e.g., thio(urea)) and
nucleophilic initiator (e.g., bis(triphenylphosphoranylidene)-
ammonium chloride (PPNCI))."*>* Phosphazene bases and
benzyl alcohol have also been used in combination with thiourea
moieties.”**? In situ, this creates an aminophosphonium cation,
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which can act as a Lewis acid catalyst, and an alkoxide initiator (a
system also efficient for ROP**).

Aminophosphonium salts can also be directly produced
through the Kirsanov reaction, via the oxidation of a phosphine
with Br,, followed by nucleophilic addition of an amine to form
an aminophosphonium bromide salt, although anion exchange
is possible.® Furthermore, such strategy relies on a wide pool
of commercially available primary amines. We therefore envi-
sioned that the Kirsanov reaction could be used to readily
synthesise and tailor simple and air/moisture stable aminopho-
sphonium salts towards ROCOP.

We hypothesised that the combination of the aminopho-
sphonium moiety with a tertiary amine would weaken the N-H
bond, improving epoxide activation as well as facilitating proton
shuttling towards chain end stabilisation, with the bromide anion
initiating the polymerisation. 1 was thus generated in one pot by
reaction of readily available triphenyl phosphine (PPh;) with
commercial, bifunctional N,N-dimethylethylenediamine (Fig. 1),
isolated in near quantitative yield (99%) as an air stable white
powder, and characterised by multinuclear (**P{*H}, *C{"H}, 'H)
NMR spectroscopy (Fig. S1 and S2, ESIf). Mass spectrometry
detected a singly positively charged species with an m/z = 349.18
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Fig. 1 Left: Synthesis of 1. Right: Molecular structure of 1 obtained by
X-ray diffraction analysis. Thermal ellipsoids are drawn to the 50% prob-
ability level. Hydrogen atoms are omitted for clarity, except for the
aminophosphonium proton.
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(Fig. S8, ESIt), and X-ray diffraction analysis of single crystals also
confirmed a monocationic structure (Fig. 1). Efforts to protonate
the tertiary amine by addition of HCI (2 mol L™ " in Et,0) affected
no change in the *'P{"H} NMR spectrum (Fig. S22, ESIY).

Contrary to previous syntheses of aminophophonium salts
using the Kirsanov reaction, no additional base is required to
trap side-product HBr, which we postulate is removed during
work-up. It is worth noting that when an additional base is used
to trap HBr (e.g., DABCO), 1 is also unequivocally obtained, as
evidenced by identical characterisation data.

1 was next tested for the benchmark ROCOP of cyclohexene
oxide (CHO) and phthalic anhydride (PA), with no solvent and
at 120 °C. At [CHO],: [PA]y:[1], loadings of 400:200:1, 1 was
found to catalyse the reaction, producing polymers with good
activity (TOF = 78-80 h™') and good selectivity for ester vs. ether
linkages (86-91%) (Table 1, entries 1 and 2; Fig. S23, ESIY).
At full conversion of PA, the resulting polymer had an M, sgc of
14100 g mol " as measured by SEC (against narrow polystyrene
standards) (Table 1, entry 2). The alternating nature of the
resultant polymers was further evidenced by MALDI-ToF mass
spectrometry analysis which detected polymeric series with a
repeat unit of 246 g mol ™', consistent with an alternating PA/
CHO polymer sequence (Fig. S24, ESIT). The living/controlled
polymerization character of the ROCOP was illustrated by the
linear increase of the M, sgc With PA conversion whilst main-
taining low dispersities (Fig. S25, ESIt). SEC traces showed a
bimodal distribution which were attributed to residual diol
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impurities in CHO and diacid impurities in PA, limiting the
obtention of high molecular mass (Fig. S26, ESIt).

This was corroborated using MALDI-ToF mass spectrometry
which detected several polymer distributions, including higher
M, sec species initiated from residual cyclohexane diol
(Fig. S24, ESIY). Lower M, sgc species showed polymers with a
2-bromo-cyclohexanol end group, confirming that the bromide
anion of 1 can act as an initiator via nucleophilic attack
onto CHO.

Catalytic activity could be further increased to 232 h™* by
performing the reaction at 140 °C (Table 1, entry 8). However,
further increasing the temperature to 160 °C led to a decrease
in activity (TOF = 144 h™"), suggesting side reactions or degra-
dation (Table 1, entry 9). Lowering the reaction temperature to
60 °C significantly reduced the TOF, although ROCOP was
possible (TOF = 5 h™ ). ROCOP of CHO and PA at a [CHO],:
[PA]p:[1]o ratio of 200:200:1 resulted in non-significant
improvement of the selectivity towards ester linkages (Table 1,
entries 6 and 7). Control experiments with [CHO], : [PA], : [1], ratios
of 400:2:1 and 400:0:1 showed no conversion after 90 minutes,
indicating 1 does not catalyse CHO ROP (Table 1, entry 10).
Acidified 1 (1-HCI) was also tested in catalysis, and showed
significantly reduced activity compared to its non-acidified coun-
terpart (TOF = 28 vs. 78 h™") with notably reduced selectivity (76%
of ester linkages) (Table 1, entry 11 vs. 1). This points towards the
monocationic species 1 being the active catalytic species. 1 is more
selective towards polyesters than previous iminophosphorane

Table 1 Polymerisation data for the ROCOP of CHO and PA with compounds 1-4

O Catalyst o Q
o (0] (0] 4 o o
@ 120 °C n
no solvent

® ® | ® ®
PhgP—NH  N—  PhsP—NH PRPO N PhP—NH HN—PPh,
Br © Br® \_Q Br © Br® — Bro
1 2 3 4
Entry” Cat [CHO]y: [PA]o:[cat], Temp. (°C) Time (min) PA Conv.” (%) TON° TOF?(h™') CHO Conv.’ (%) % Select! M, sec® (Pm)
1 1 400:200:1 120 60 39 78 78 24 86 6100 (1.20)
2 1 400:200:1 120 150 >99 200 80 63 91 14100 (1.23)
3 2 400:200:1 120 60 9 18 18 5 83 <1000
4 3 400:200:1 120 40 93 186 279 49 96 14900 (1.14)
5 4 400:200:1 120 60 14 28 28 7 66 <1000
6 1 200:200:1 120 30 36 72 144 37 93 3900 (1.16)
7 1 200:200:1 120 60 46 92 92 47 92 6800 (1.20)
8 1 400:200:1 140 15 29 58 232 16 89 3600 (1.14)
9 1 400:200:1 160 15 18 36 144 15 83 <1000
10 1 400:0:1 120 60 — — — — — <1000
11 1" 400:200:1 120 120 28 56 28 19 76 2000 (1.20)
12 PPNCl 400:200:1 120 30 100 200 >400 55 62 <1000
13 Ph;PO  400:200:1 120 60 <1 — — <1 — <1000

“ Reactions carried out at [CHO], = 5.8 mol L™ ', neat at 120 °C unless otherwise stated. b Conversion of PA determined by 'H NMR spectroscopy by
relative integration of the aromatic protons in PA (CDCls, 6 7.95-7.80 ppm) and poly(CHO-alt-PA) (CDCls, 6 7.52-7.33 ppm). © TON = (moles of PA
consumed) x (moles of catalyst)™*. ¢ TOF = (moles of PA consumed) x (moles of catalyst)™* x (time of reaction) . ¢ Conversion of CHO
determined by "H NMR spectroscopy by relative integration of protons singlets in CHO (CDCls, 6 3.02 ppm) and poly(CHO-alt-PA) (CDCl;, &
5.06 ppm)./ Selectivity of ester vs. ether links determined by 'H NMR spectroscopy using the relative integration of the ester and ether linkages
polyester (CDCl;, 6 = 5.13 ppm) and polyether (CDCls, & = 3.61-3.30 ppm). ¥ M, sgc in g mol ™", calculated by SEC relative to polystyrene standards
in tetrahydrofuran (THF) eluent; Dy = M,,/M,,. " 1 was acidified with 1 equivalent of HCI prior use in catalysis (see ESI).
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organocatalysts.”® However, where comparisons are possible, 1 is
less active than the ammonium- or phosphonium-containing
organoboron systems designed by Wu and team (TOF = 80 vs.
258 vs. 1024 h™"; respectively).>”**

Monofunctional aminophosphonium salt 2 was synthesised
using benzyl amine and tested in catalysis (Table 1, entry 4), but
showed significantly lower activity compared to 1, with 9% PA
conversion after 60 min. Commercial bifunctional phospho-
nium/tertiary amine salt, 3, was also tested. After 40 minutes
the reaction had solidified with a PA conversion of 93%,
producing poly(CHO-alt-PA) with an M, sgc of 14900 g mol ™"
and Dy, of 1.14 (Table 1, entry 3). Collectively, these results
suggest the key role of the tertiary amine group for catalysis,
likely through the facilitation of proton shuttling towards the
activation of monomers and the stabilisation of transition
states and growing chain ends. Finally, a diaminophospho-
nium salt, 4, was synthesised and tested for the ROCOP of
CHO. 13% conversion was achieved after 60 minutes, showing
limited activity, consistent with the results obtained with
aminophosphonium salts that do not feature a tertiary amine
(2) or have an additional ammonium group (1-HCI). Catalysis
with commercial PPNCI achieved a high TOF (>400 h™')
but SEC analysis showed that only oligomers were produced
(Mysec < 1000 g mol ') (Table 1, entry 12). Previous studies
have found PPNCI capable of catalysing CHO/PA ROCOP, at
110 °C in toluene.* Triphenyl phosphine oxide was shown to
be catalytically inactive (Table 1, entry 13).

To gather insights into the catalytically active form of 1,
in situ *'P{'"H} NMR reaction monitoring was carried out.
Polymerisations were performed at a [PA]y:[1], ratio of 50:1
in an excess of CHO at 120 °C under argon in a J Young NMR
tube. After 60 minutes, all PA had reacted according to "H NMR
analysis. No change in the signal of 1 was observed in the
*Ip{'"H} NMR spectra throughout the experiment, indicating
either that the phosphorus remains remote from the active
catalytic site or that the resting state of the catalyst is structu-
rally similar to 1 in CHO. However, no degradation of the
catalyst was observed by *'P{'"H} NMR analysis, and coupled
with the inactivity of the Ph;PO, this points towards 1 being a
true catalyst which remains intact throughout polymerisation
(Fig. S27, ESIf).

The kinetic profile of the ROCOP of CHO/PA, catalysed by 1,
was monitored with in situ FTIR spectroscopy. Polymerisations
were performed at a [CHO], : [PA], : [1], loading of 800:400:1 at
120 °C without solvent and followed by analysis of the absorp-
tion intensity at 1783 cm ™", corresponding to the v vibra-
tion in PA. A zero-order dependence on [PA] was determined
from linear plots of [PA] against time (Fig. S28, ESIt). The order
with respect to CHO was next considered, CHO consumption
being inferred by measuring the growth of the vc—o vibration
at 1722 cm™ ' in poly(CHO-alt-PA). Plots of In([CHO]/[CHO],)
against time showed a linear correlation, revealing a first order
dependence on [CHO] (kcpo = 4.42 x 107° s '; Fig. S29, ESIY).
We next demonstrated that 1 was catalytically active when
handled in air (Fig. S$28, ESIf). While the kinetic profile
unexpectedly deviated from linearity, which could be due to

This journal is © The Royal Society of Chemistry 2024
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side reactions including progressive catalyst deactivation,
ROCOP proceeded faster in air than under argon. Such rate
acceleration has also been observed for metal-catalysed
ROCOP,*® when chain transfer agents (CTAs) are used or in
the presence of air/water, but is yet to be fully rationalised. The
likely moisture in the air functioning as CTA was also reflected
in the final molar masses, with polymers with higher M, src
produced under argon (16300 g mol %, Py, = 1.23) and lower
M, sec, monomodal polymers produced in air (4400 g mol™?,
Dy = 1.10). Only a small number of air tolerant catalysts for the
ROCOP of CHO/PA have been reported so far.'?3%3!

To shed further light on the catalytic active species, model-
ling of the ring-opening of CHO was carried out using DFT
calculations (see ESIT), having been identified by kinetics study
as a key catalytic step. For simplicity, only the opening by the
bromide anion (initiation step) was modelled (Fig. 2). The
propagation step will be analogous but for a carboxylate grow-
ing chain as the nucleophile. Consistent with pK, values and
the molecular structure inferred from X-ray diffraction, 1’s
most stable isomer (by 8.2 kcal mol™') is the aminophospho-
nium species (P-NH) and not the quaternary ammonium salt.
Activation of CHO by hydrogen bonding was found to happen
preferentially at the aminophosphonium, but to be overall
endergonic (+8.8 kcal mol™'). Next, the lowest energy barrier
for CHO ring-opening was calculated to be the nucleophilic
attack of the bromide away from the PPh; group, which had an
energy barrier of 32.5 kcal mol . ROCOP being quantitative at
120 °C within a few hours, circa 30 kcal mol ™" is an acceptable
energy barrier. The resulting alkoxide was shown to be stabi-
lised by the aminophosphonium moiety. The reactivity of a
putative doubly protonated 1 (1-HBr) was also examined by DFT
calculations (Fig. S31, ESIt). While the concurrent activation of
CHO by both the ammonium and aminophosphonium moiety
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Fig. 2 DFT computed reaction profiles for the ring-opening of CHO by 1
(initiation step).
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remained endergonic (+10.0 kcal mol™"), the barrier to ring-
opening was found to be 29.3 kcal mol ™, lower but within error
to what is calculated for the monocationic species at this
cursory stage. This preliminary study clearly calls for further
mechanistic investigation, including a full conformation search
on the propagation step.

To conclude, the Kirsanov reaction has been used to synthe-
sise a simple, novel organocatalyst which has been shown to be
active in the ROCOP of CHO and PA, including in air. Our
results demonstrate the potential of aminophosphonium salts,
made from abundant phosphines and primary amines, as
simple organocatalysts for ROCOP, and a promising and tune-
able alternative to widely used PPNCI.
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